Abstract A recent review identified 60 common inherited renal diseases caused by DNA variants in 132 different genes. These diseases can be diagnosed with DNA sequencing, but each gene probably also has a thousand normal variants. Many more normal variants have been characterised by individual laboratories than are reported in the literature or found in publicly accessible collections. At present, testing laboratories must assess each novel change they identify for pathogenicity, even when this has been done elsewhere previously, and the distinction between normal and disease-associated variants is particularly an issue with the recent surge in exomic sequencing and gene discovery projects. The Human Variome Project recommends the establishment of gene-specific DNA variant databases to facilitate the sharing of DNA variants and decisions about likely disease causation. Databases improve diagnostic accuracy and testing efficiency, and reduce costs. They also help with genotype-phenotype correlations and predictive algorithms. The Human Variome Project advocates databases that use standardised descriptions, are up-to-date, include clinical information and are freely available. Currently, the genes affected in the most common inherited renal diseases correspond to 350 different variant databases, many of which are incomplete or have insufficient clinical details for genotype-phenotype correlations. Assistance is needed from nephrologists to maximise the usefulness of these databases for the diagnosis and management of inherited renal disease.
Introduction
A recent review identified 60 inherited renal diseases caused by DNA variants in more than 130 different genes [1] , and many further genes have been identified since that report. These inherited diseases can be diagnosed with sequencing, but human genes each have up to one thousand normal variants, and many more continue to be identified by the "1,000 Genomes Project" [2] , and the use of exomic sequencing for clinical diagnostics [3] .
Thus, genetic testing laboratories not only detect DNA variants, but must also assess them for pathogenicity. This usually requires a search of the scientific literature and on-line collections for a previous report, but assessment is also based on the location of the variant within the gene, the nature of the affected residue, whether it is conserved in different species, and sometimes, on further testing of other family members, or functional analyses. Diagnostic laboratories typically use several programs that calculate the likely consequences of any change, as well as providing links to variant scoring algorithms (SIFT, PolyPhen-2, SpliceSite Finder etc.), to databases for normal and pathogenic variants (LOVD locus-specific databases, HGMD Professional, Cafe Variome, dbSNP), to OMIM and to references in PubMed. The pathogenicity assessment of an unpublished variant takes about an hour of a scientist's time, and laboratory protocol requires the results to be confirmed independently. This represents a substantial workload for a busy department, and the work may be replicated many times for the same unreported variant, throughout the world. This approach results in unnecessary delays, equivocation and potentially errors in reporting, and in further expense for the patient, health provider, insurer and community. For some genes, especially for missense variants, the assessment is even more complicated. For example, in bowel cancer, the Variant Interpretation Committee of the International Society for Gastrointestinal Hereditary Tumours (InSiGHT) meets 2-monthly by teleconference, to assign pathogenicity to variants against a hierarchy of criteria.
Most service laboratories do not routinely submit their mutations to a database, and journals rarely publish small series of DNA changes. Furthermore, privately owned laboratories are often reluctant to share their variants and the corresponding assessments of pathogenicity, which they consider their intellectual property. Thus, ten times more variants are estimated to be known to individual laboratories than are found in the literature or publicly accessible collections [4] .
The Human Variome Project
The Human Variome Project has as its mission "the sharing of all genetic variants to the widest possible community in geneor disease-specific databases that are up-to-date, accurately assessed for pathogenicity, and that incorporate clinical features" [5] . It is often considered the successor to the Human Genome Project, and its members are volunteer physicians, geneticists, laboratory scientists and researchers who aim to prevent the duplication involved in assessing pathogenicity by encouraging laboratories to share their variants and decisions about disease causation in databases. However, variant databases also have many other applications:
& To confirm the diagnosis of an inherited disease when a previously described pathogenic variant is detected & To increase the accuracy and speed of genetic testing through access to expertly curated databases of variants annotated with a transparent process of pathogenicity assignment. To thereby reduce the costs of testing for the laboratory, and for the patient, health service, insurer and community & To increase the number of known variants and hence improve genotype-phenotype correlations. To enable the development of algorithms that predict clinical features from mutation characteristics & To improve our understanding of the structure and function of a protein through analysis of the effects of mutations on phenotype & To improve our understanding of the prevalence of an inherited disease and, hence, its economic cost
The Human Variome Project has developed recommendations for the establishment and maintenance of DNA variant databases (locus-specific databases, LSDB), and practical advice on how to do this [6] . Members of the Human Variome Project have developed a prototype request form for genetic tests with prompts for disease-specific clinical features, and for consent to making test results available to other family members and for database inclusion. Members at the Leiden University Medical Center (LUMC) have developed a "database-in-a-box" system (Leiden Open Variation Database, LOVD), which can be downloaded, customised and hosted on a website, and is user-friendly and free [7, 8] . Typically collected data include the DNA and corresponding protein change, method of detection, ethnicity, clinical associations (including age at onset of renal failure), assessment of pathogenicity or prevalence in normal individuals, previous descriptions and contact details of the submitting laboratory. Sometimes, some fields may be accessed only by registered users. LUMC also hosts LOVD databases on their server, and provides website management, security, technical support and access to software [9] , which checks variant descriptions for compliance with the Human Genome Variation Society recommendations [10] . LOVD installations managed by LUMC and by external sites currently host databases with more than two million unique variants from 163,046 individuals (http:// www.lovd.nl/3.0/home). More than 95 % of all gene variant databases world-wide and 350 different curators use the LOVD system, and these databases have been cited in more than 1,000 scientific publications.The Human Variome Project has outlined the following steps in establishing and maintaining a gene variant database: For example, variants included in the LUMC databases can be viewed using the UCSC site. Include on the webpage the database policy, a disclaimer to limit liability, and instructions for database citation [15, 16] . 6. Decide on data fields. Many curators already have their own spreadsheets, and data fields mainly vary regarding clinical features. Although adding more fields increases the usefulness of the database, they are also more difficult to fully populate [4] . 7. Describe each variant at the DNA level and its predicted effect on the corresponding mRNA and protein using the appropriate reference sequences [6] . Include both pathogenic and normal variants in the database, and include each variant every time it is found in a different family.
Include any functional evidence of pathogenicity. 8. Ensure that clinical information is accurate and complete. Use standardised descriptions of clinical features (The Human Phenotype Ontology: http://www.humanphenotype-ontology.org/) to facilitate data retrieval and analysis [17] . 9. De-identify patient data. Fields with potentially identifiable data should be accessible only to professionals. An independent Ethics Oversight Committee may help with monitoring and advice on these issues [18] . 10. Develop strategies to increase the number of variants in the database: distribute a spreadsheet with relevant data fields to potential collaborators; offer to visit their laboratories to access their in-house spreadsheets; provide co-authorship of "mutation update" manuscripts to those who submit variants; and search meeting abstracts, published manuscripts, the dbSNP, exomic sequencing and the 1,000 Genomes Project websites. Develop the process of microattribution to formally acknowledge submission of unpublishable packages of data. 11. Devise criteria for pathogenicity, include them on the website and score all variants accordingly. In general, the pathogenicity of any variant should be confirmed by at least two different means. Segregation with disease alone is insufficient. Guidelines for predicting the pathogenicity of missense mutations already exist for some diseases [19] . 12. Provide free access, possibly with greater access for health professionals than for members of the public. 13. Review and update the database regularly.
The Human Variome Project encourages experts working on a gene to collaborate on mutation reviews that include their laboratories' unpublished variants and to undertake genotypephenotype analyses. Most curators focus on one or a few related genes, and can personally encourage colleagues working in the field to contribute their variants to a database. There are also more sophisticated approaches for sharing variants, such as Café Variome (http://www.cafevariome.org/), which provides an automated interface between a laboratory's variant storage system and a remote database via a data clearing house. The potential benefits for accuracy and efficiency mean that the submission of variants to a database could be mandated for laboratory accreditation. Other incentives for contribution to databases include "microattribution" [20, 21] , where the laboratory and individual responsible for each submission are acknowledged. Finally, already some journals require, as a condition of publication, the prior submission of all variants to a database. There are many different systems, but LOVD requires minimal resources and is an easy database for non-experts to establish.
However, most laboratories simply want to access a database to check the pathogenicity of variants rather than to establish one. The Human Gene Mutation Database (HGMD), hosted by the University of Cardiff, has both "public" and "professional" sites (http://www.hgmd.cf.ac.uk/docs/). Access to the professional site includes advanced search options, and current data, but incurs a charge. Data on the public site are at least 3 years behind data available in the literature. Recently, the US National Center for Biotechnology Information (NCBI) established the ClinVar database (http:// www.ncbi.nlm.nih.gov/clinvar/), which has the advantages of automated registry of newly discovered normal variants, and US government funding, which means that it has free access and is sustainable. There are also other web-based collections of DNA variants (dbSNP, UniProt, etc.), but these do not encourage the submission of unpublished variants from diagnostic laboratories, have limited clinical information, and are more likely to have annotation or transcription errors [22, 23] .
DNA variant databases for inherited renal diseases
The DNA variant databases for inherited renal diseases are compared in Table 1 .
The 60 inherited renal diseases and 130 affected genes described earlier correspond to 350 DNA variant databases [1] . Duplication of these databases is common, few are curated by experts or include clinical features, nearly half have fewer than 10 variants, only half have been updated in the previous 12 months, and some impose a charge to access their data [24] .
Probably the most common monogenic inherited renal diseases are autosomal dominant polycystic kidney disease, Alport syndrome and tuberous sclerosis. The corresponding databases also have the largest numbers of variants [24] . (Two authors of this manuscript, JS and SP, curate the COL4A5 and the TSC1 and TSC2 databases respectively.) All three diseases have databases established by interested clinicians that incorporate clinical features and have used the information found therein to advance our knowledge of these conditions, especially genotype-phenotype correlations.
The autosomal dominant polycystic kidney disease mutation database (PKDB) is a repository for all pathogenic and normal variants in the PKD1 and PKD2 genes [25] . Funds for establishment and maintenance have been provided by the PKD Foundation. This database does not use the LOVD system or server, and includes the location of the variant, amino acid change, interpretation as "pathogenic", "neutral" or "indeterminate", age at onset of renal failure, segregation with disease within the family, other possible pathogenic variants in the family, references for published variants, and further comments. A score is provided for each variant to reflect pathogenicity. The site carries a disclaimer that the database should be used for research only because variant pathogenicity is often unproven.
There are two major databases for X-linked Alport syndrome mutations (Table 1 ) [26] . The ARUP database is curated by a commercial not-for-profit testing company and is updated quarterly [27] . It is not based on LOVD, and does not include clinical detail. The other major Alport database uses the LOVD system, includes databases for autosomal recessive Alport syndrome and Alport syndrome with leiomyomatosis, and incorporates clinical data, including age at onset of renal failure, hearing loss and ocular features. The LOVD Alport database has been funded in part by the US and Australian Alport Foundations, but otherwise depends on volunteers. Both databases are free, and they share variants collaboratively so that diagnostic laboratories are not disadvantaged in accessing one rather than the other. Why not simply combine the databases? Because both were developed by independent groups, who put in a lot of effort, and who take pride in their achievement, and because, for the timebeing, this arrangement works.
The tuberous sclerosis database uses the LOVD system and includes variants in both TSC1 and TSC2. Again, its funding is from a patient support group. The curators update these databases monthly and include functional assessments of pathogenicity [28] .
Which other renal diseases would benefit most from databases? The answer is those diseases that are reasonably common, but difficult to diagnose genetically, such as the inherited complement diseases (haemolytic uremic syndrome, dense deposit disease, C3 nephropathy etc.). It is important that, as far as possible, there is a single, complete, current and accurate database for each gene affected in inherited renal disease. Databases currently focus primarily on monogenic renal diseases rather than on syndromes or risk factors for the more common complex diseases. However, they require better integration based on clinical syndromes due to variants in multiple genes, and better coordination to identify gaps and duplication. Errors occur where databases are not expertly curated, and the major sources of error are from human processing and the description of clinical features [22] . The quality and paucity of clinical data are common weaknesses, but most databases include links to publications or contact details for the submitting laboratory. Expert curators are more likely to accurately assess submitted clinical features for significance.
Further goals and challenges
Further new terminology is required to systematically describe clinical features ("ontologies") and, to this end, the Human Phenotype Ontology (HPO: http://www.humanphenotype-ontology.org/) [17] has been developed to facilitate data retrieval and analysis.
Next-generation sequencing is taking on a role in clinical diagnostic testing [29] and yielding enormous numbers of normal and pathogenic variants. The 1,000 Genomes Project has identified large numbers of normal variants, but even more exomic variants are found, and sometimes ignored, by diagnostic laboratories. Country-specific databases, for example, those in Korea (KMD; http://kmd.cdc.go.kr) will help to increase the spectrum of normal variants in different ethnicities. It remains important for variants identified incidentally in a population without a corresponding phenotype to be recorded as normal in databases because of the critical importance of normal variants in the analysis of exomic sequencing results.
Nevertheless, professional bodies caution against overreliance on databases to interpret the significance of a variant [30] . Databases usually indicate that they are "for research purposes only" and have a disclaimer regarding errors in clinical interpretation. In contrast, the InSiGHT database specifically promotes its databases for clinical interpretation purposes, and has incorporated a legal entity to protect against medicolegal claims as a result of misclassification leading to adverse health outcomes, for example, where a variant is misclassified as benign, surveillance ceased and an advanced cancer presents later. These caveats do not detract from a database's value and commercially available assessment tools invariably provide links to such databases.
So, should only variants found in accredited testing laboratories be included in a database? This seems unreasonable since confirmation in an accredited testing laboratory is not required for publication. However, it is desirable for the development of International Organization for Standardization (ISO) certified standards for databases [6] . Variants are commonly misreported and journal editors and referees should take steps to improve the accuracy of reporting. For example, the journal Human Mutation scrutinises all sequence variants for compliance with reporting standards. This practice could be incorporated into "Uniform Requirements for Manuscripts Submitted to Biomedical Journals" (http://www.icmje.org/).
Privacy and confidentiality remain ongoing concerns for variant databases, especially in relation to the sharing of data across nations and ethnic groups, with diverse legal and ethical requirements. Although variants are connected to patients in a de-identified manner, this is not necessarily anonymous, but allows the data to be re-connected, usually by the submitting laboratory. Patient support groups indicate that most patients are happy for their genetic information to be used to lessen the hardship of their own or other families with the same condition.
Variant databases could be even more useful. Some databases only record the first published account of a diseasecausing variant, and not the subsequent reports that indicate disease prevalence and possible phenotypic variability. It is beyond the remit of databases to include detailed up-to-date information on disease treatment, but many have links to relevant websites.
What renal physicians can do
Previously, for most nephrologists, their interaction with a diagnostic genetic laboratory has been limited to completing a request form and communicating the test results to patients and their families. Now, they are critical in ensuring the success of the Human Variome Project through support for disease-and gene-specific databases.
Nephrologists can encourage patients to consent to the submission of their variants to a database. They can help patients understand that accurate, complete and current data improve our understanding of their disease, its course and complications, and that a database benefits themselves, their families, and others who are also affected. Providing complete and accurate clinical information with any request for a genetic test is important since this may be transferred directly to a database [31] . Physicians can also update their patients' data throughout the course of their illness and, sometimes, encourage the patients to do so themselves. They can explain to patients that clinical information submitted to a database is de-identified, but that they can be "re-identified" and kept informed when new and clinically relevant information is discovered.
Nephrologists are also likely to lead in the establishment and curation of variant databases for inherited renal diseases, using the steps outlined above [4, 7] . They may collaborate with colleagues who also work in the field to produce "updates" or "super-reviews" that increase the number of variants in the public domain and facilitate novel genotype-phenotype correlations and potentially the development of algorithms that predict clinical features based on variant characteristics. Some may take as an example, the databases for syndromes such as spastic paraparesis and sensory neuropathies that the Neurogenetics Consortium is developing [32] . Physician-curators are also likely to help assess clinical features and variant pathogenicity. Syndromes in inherited renal disease may include inherited haematuria, nephrotic syndrome or congenital anomalies of the kidneys and urinary tract (CAKUT). InSiGHT represents a model for the involvement of clinician experts in a variant database. This society aims not only to encourage research in gastrointestinal tumour syndromes, but also to educate health care professionals in molecular genetics and assist institutions in establishing or maintaining a registry, as well as in the discussion of controversial areas (www. insight-group.org/).
How much time, effort and cost are required to establish a new database? It depends on the gene, the number of variants, and the work required to ascertain likely pathogenicity, and to correct errors in submitted data. Nevertheless, curation takes time and resources. For example, standardising and checking 771 variants for the PKD1 database occupied 170 h of curator time [22] .
However, an empty database is provided on the LUMC server, and the curator needs only to decide on the data to collect, which will be mainly disease-specific phenotype characteristics. Then, a literature review will be required to collect all published information and testing laboratories can be contacted with the request to share unpublished data. This may amount to 1-3 months of full-time work, and thereafter, an hour to a day a week for cataloguing new submissions [4] . It is important to keep in mind, though, the many benefits of a database for patients, physicians and diagnostic laboratories. The rewards for physicians include the increased understanding of genotype-phenotype correlations, as well as the citations, webpage access figures, and further collaborations with other laboratories working in the field. The cost of establishing a database can be measured in terms of staff time only because LOVD databases are hosted without charge at LUMC. While there may be some greater flexibility in local database customisation, there are the costs of hardware purchase, technical expertise and maintenance.
Nephrologists often play many roles other than patient care. As manuscript reviewers and journal editors, they can request that all variant descriptions adhere to the Human Variome Project/Human Genome Variation Society guidelines and that variants be submitted to a database as a prerequisite of manuscript publication. Those with leadership roles in genetic testing laboratories can support the automated transfer of variants to locus-specific databases. As members of the teams accrediting laboratories for national pathology boards, they can encourage the submission of variants to a database as a requirement of accreditation. As hospital administrators or members of Health Service Executive or Finance Committees, they can support funding for the establishment and maintenance of databases because of their contribution to increased diagnostic accuracy and cost-effectiveness. As members of Human Research Ethics Committees, they can encourage researchers to submit new variants to a database using arguments about the ethics of resource utilisation.
Sustainability of databases remains a concern, and again physicians can help, by advocating, together with patients, for funding support from governments, health services, insurers and patient support groups. Variant databases have some overlap with disease registries, which have clearly demonstrated their utility.
How many more DNA variants are there and for how much longer will funding be required? By now, many of the genes responsible for the most clinically significant inherited diseases have been identified. The next 5 years may see identification of the most common variants for frequently affected genes. While mutations continue to occur de novo, sufficient variants should nevertheless be known to derive clinically useful genotype-phenotype correlations. After that, curators may choose to hand over their databases to government funded institutions, such as the NCBI and EBI [33] . In the meantime, interested nephrologists can help with the curation of databases, by increasing the contribution of normal and pathogenic variants, and by using databases to correlate DNA variants with clinical phenotypes.
